In commercial growth of horticultural plants in greenhouses, high financial losses are being suffered due to the socalled thick root syndrome (TRS), a phenomenon characterized by severe deterioration of the root system. The early symptoms of TRS in cucumber (Cucumis sati us L.) are strongly curving roots that are swollen and superficially damaged. Research focused on ethylene, as both the culture practice of cucumber and the known effects of ethylene on root growth point to a possible role for this phytohormone in TRS. Ethylene induced root curvature and swelling as well as damage of the epidermal layer and outer cortex of roots of cucumber plants similar to TRS symptoms. Formation of root hairs was stimulated and root elongation was also severely inhibited by exogenous ethylene. However, based on experiments with the ethylene inhibitor α-aminoisobutyric acid (AIB), a causal relation between ethylene and TRS in cucumber is doubted.
INTRODUCTION
The so-called thick root syndrome (TRS) causes high financial losses in commercial growth of horticultural plants such as cucumber, sweet pepper and tomato in greenhouses. TRS is particularly severe in cucumber (Cucumis sati us) culture and consists of swelling of cortical cells, irregular curving of the roots and damage of the root surface concomitant with reduced root growth. Roots may eventually become translucent and reach a diameter more than ten-times the size of a normal root. Up to now, however, nothing is known about the causes of TRS.
In this study it is hypothesized that ethylene action forms an essential step in the induction of TRS. This hypothesis is based on the following observations : ethylene increases root curvature in gravistimulated roots of maize (Lee, Chang and Evans, 1990 ) and induces strong coiling in vertically grown maize and tomato roots (Bucher and Pilet, 1982 ; Woods, Roberts and Taylor, 1984) . Root swelling can also be induced by exogenous ethylene in several plant species (Goeschl and Kays, 1975 ; Moss, Hall and Jackson, 1988 ; Abeles, Morgan and Saltveit, 1992) . Root elongation is, on the contrary, strongly inhibited by ethylene (e.g. Smith and Robertson, 1971 ; Konings and Jackson, 1979 ; Abeles et al., 1992 ; Visser et al., 1997) . At the cellular level, ethylene may change the direction of cell expansion in terrestrial § For correspondence. E-mail ericv!sci.kun.nl plants from a mainly longitudinal to a mainly lateral direction (Abeles et al., 1992 ; Sa! nchez-Bravo et al., 1992 ; Shibaoka, 1994) .
For ethylene involvement in TRS, changes in endogenous ethylene concentrations would be expected. High ethylene concentrations in the root system may be induced by the cultural practices used for many greenhouse-grown crops. These crops are grown on rockwool that is supplied with nutrient solution several times a week leading to complete water saturation of the substrate. Endogenous ethylene in roots in water-saturated substrate can reach very high concentrations (Visser et al., 1996) because of the 10 000-times slower diffusion rate of gases in water than in air (Armstrong, 1975) . The high water content combined with a high oxygen demand by roots and micro-organisms may also cause low oxygen concentrations. These hypoxic conditions may even further increase ethylene concentrations due to low oxygen-stimulated ethylene production, which has been described for maize (Atwell, Drew and Jackson, 1988 ; Brailsford et al., 1993) and Spartina patens (Pezehski, Pardue and Delaune, 1993) . The hypothesis that ethylene action is required for TRS induction in Cucumis sati us was tested by : (1) thoroughly describing the morphology and anatomy of TRS-affected roots ; (2) investigating the effect of ethylene on root growth, morphology and anatomy and comparing these results with the TRS symptoms ; and (3) determining the effect of an ethylene biosynthesis inhibitor on the induction of TRS.
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MATERIALS AND METHODS

Description of TRS
Morphology and anatomy. Roots of TRS-affected and nonaffected cucumber (Cucumis sati us L.) plants were harvested at several cucumber-growing companies in The Netherlands and morphological anomalies were noted and photographed. For light microscopy, roots were dissected (to 5 mm long segments) and fixed for 24 h in a 5 : 5 : 90 mixture of formalin : acetic acid : 70 % ethanol (FAA). Thereafter, the root segments were dehydrated in 70, 85, 96 and 100 % ethanol, respectively (1 h for each step) and infiltrated with glycol methacrylate (Technovit 7100 GMA) (Kulzer ; Wehrheim, Germany). Polymerization was for 1 h at room temperature and 2 h at 37 mC. Cross sections (5 µm) of the root material were made with glass knives, using a Supercut 2050 microtome (Reichert-Jung Optische Werke AG ; Wien, Austria), stained with the PAS reaction (Feder and O'Brien, 1968) , counter-stained with 0n1 % aqueous methylene blue and studied with a Zeiss Axioskop microscope. ACC concentrations. Because changes in ethylene biosynthesis were expected during TRS, root levels of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) in affected and non-affected plants (same origin as above) were measured. Harvested roots were directly frozen in liquid nitrogen to avoid accelerated ACC production due to wounding. Samples of 1 g each were stored at k80 mC until analysis. For extraction and determination, plant material (0n5-1 g per sample) was homogenized and ACC was extracted from it on ice with 5 and 2 ml 80 % (v\v) ethanol. After centrifugation of the extracts, the supernatant was evaporated in a vacuum at 50 mC (Speed-Vac RC10n10, Jouan ; Saint-Nazaire, France). The resulting dry matter was dissolved in 3 ml demineralized water and 4 ml dichloromethane. After centrifugation, the supernatant was used for ACC determination after Lizada and Yang (1979) with internal standardization. Ethylene, chemically produced from the ACC, was measured with a gas chromatograph [Chrompack Packard model 437 A ; column : Hayesep N (both Chrompack International ; Middelburg, The Netherlands)]. Recovery percentages were higher than 70 %.
Plant growth
Cucumber seeds (C. sati us, ' Pyralis ez '2) germinated for 4 d in moist vermiculite (nr. 3) [growth room conditions : 16 h at 105 µmol m − # s − " PAR (Philips TL84), 8 h dark ; 22 mC ; 100 % RH]. Thereafter, seedlings were placed on hydroponic culture (similar light and temperature) that consisted of 20 l polyethylene containers filled with nutrient solution (4n38 m NO $ ; 0n25 m NH % ; 1n5 m K; 1n5 m Ca ; 0n63 m Mg ; 0n63 m SO % ; 0n38 m H # PO % ; 30 µ Fe ; 35 µ B; 10 µ Mn ; 7n0 µ Zn ; 1n0 µ Cu ; 0n5 µ Mo) which was aerated via bubble stones (60 l air h − "). This nutrient solution will be referred to as the control nutrient solution. Seedlings (12 per container) were mounted in polystyrene rafts that floated on the solution. The containers were covered with transparent polyethylene sheets to maintain high humidity at the shoot level during the first week after transfer of the seedlings to the containers. After removal of the covers, RH dropped to 50 %.
Effects of exogenous ethylene on root growth and de elopment
Root growth. The effect of various ethylene concentrations on elongation of primary lateral roots was measured on hydroponically-grown plants, using a Vernier travelling microscope as described by Visser et al. (1997) . In short, one plant (14-16 d old) per treatment was placed on a glass cuvette, flushed with aerated nutrient solution. Six to eight roots were led through capillary glass tubes on the front side of the cuvette. A travelling microscope was placed in front of this, so that root elongation could be measured with the microscope. Elongation rates during ethylene treatment were calculated as a percentage of the (control) elongation rate before treatment. Plants were treated with 0n1, 0n2, 0n7, 1n2 and 2n0 µl l − " ethylene, obtained by blending (gas blender : HI-TEC F201EA ; Ruurlo, The Netherlands) pressurized air with 20 µl l − " ethylene in air from a gas cylinder (Praxair ; Oevel, Belgium). Treatment took place by aerating the nutrient solution with the appropriate ethylene-air mixture via bubble stones (60 l h − ").
Root de elopment. Ten plants (14 d old) were placed in a 10 l polyethylene container, filled with 8 l nutrient solution that was aerated via bubble stones (60 l air h − "). Plants were allowed to acclimatize for 24 h after transfer. After 24 h, treatment with 2 µl l − " ethylene (obtained as described in the previous paragraph) was started. One plant was taken from the container each hour, without disturbing the other plants. The diameters of three roots per plant were measured 1-2 mm behind the root tip, using a microscope (Olympus BX40 ; Tokyo, Japan). Any other morphological changes of the roots were noted and photographed.
Root anatomy. Effects of ethylene on root anatomy were investigated with scanning electron microscopy (SEM). After 5 d of ethylene treatment (2 µl l − "), roots were harvested and 1-2 cm long segments were cut at 5 cm behind the root tip from both ethylene-treated and control plants. The segments were fixed overnight with 3 % glutaraldehyde in phosphate buffer (0n15  KH # PO % and 0n08  Na # HPO % ). Subsequently, the tissue was washed with phosphate buffer and demineralized water (both steps 2i10 min). The root segments were then dehydrated in 30, 50, 70, 90, and 3i100 % ethanol, respectively (15 min for each step). The root segments were cut to final length (1-2 mm) with a razor blade in the 70 % ethanol. During critical point drying (Balzers Union, CPD 200 ; Liechtenstein) the ethanol was replaced by liquid carbon dioxide in a cooled (4 mC) and pressurized chamber. The carbon dioxide was then allowed to evaporate at a pressure and temperature where gas and liquid phase have similar densities (40 mC, 8n5 MPa), thereby avoiding damage of the tissue by expanding carbon dioxide. The dry root segments were attached to an aluminium disc with carbon glue. Finally, the tissues were sputter-coated (Balzers Union, Pirani gauge PG 031 ; Liechtenstein) with a 4 nm gold layer F. 1. Anatomical (A, C and E) and morphological (B, D and F) characteristics of control (A and B) and TRS affected (C to F) cucumber roots. Note the severe curvature (D) and swelling of cortical cells (C) of affected roots in an early (approx. 2 weeks after initiation of TRS) stage of TRS and the strong root swelling (F) and severe epidermal and cortical damage (E) in later stages (more than 3 weeks after initiation of TRS).
Cross sectional root diameters are 0n5 mm for A-D and 1n5 mm for E and F.
and examined using a Jeol JSM-T300 (Tokyo, Japan) scanning electron microscope.
Inhibition study
TRS symptoms could be evoked with nutrient solution from a cucumber-growing company where TRS occurred (hereafter referred to as symptom-inducing nutrient solution). To find out if endogenous ethylene action is needed to evoke TRS, the effect of an ethylene biosynthesis inhibitor was tested on TRS development caused by the symptominducing nutrient solution. Plants were mounted in polystyrene rafts floating on nutrient solution in 1 l beakers. The beakers contained either control nutrient solution, symptom-inducing nutrient solution or symptom-inducing nutrient solution with 5 m α-aminoisobutyric acid (AIB) (Sigma Chemical Co. ; USA). AIB inhibits ethylene biosynthesis by outcompeting ACC for binding to ACCoxidase (Satoh and Esashi, 1980) . Ethylene production by cucumber roots was measured after 1 d of exposure to 5 m AIB to check the effect of the inhibitor. Root systems were photographed 7 d after start of treatment.
RESULTS
Morphological and anatomical characteristics of TRS were studied in detail. Unaffected roots grew straight in one direction and epidermal and cortical cells of these roots F. 2. Inhibition of cucumber root elongation rates by different concentrations of ethylene (average % ps.e. ; n l 6-8). Average elongation rates (mm h −" ps.e.) under ambient ethylene concentrations were 0n99p0n06 mm h −" . The ethylene-induced inhibition of root elongation was maximal within 1 h after treatment had started.
F. 3. Cucumber root apices at different time intervals (h) after the start of treatment with 2 µl l −" ethylene. Note the progressive curvature and root hair formation with time. Root diameters are approx. 0n65 mm at 7 mm behind the tip, which is at the lower end of each root photograph.
were intact (Fig. 1 A, B) . In the early stage of TRS, roots started to curve and swell slightly (Fig. 1 D) . In later stages swelling became more pronounced (Fig. 1 F) leading to root diameters more than ten-times the original size. Besides morphological deviations during TRS, roots also showed pronounced anatomical anomalies. Cortical cells started to swell during TRS, accompanied by lesions in the epidermal layer (Fig. 1 C) . Later, swelling of cortical cells became much more severe leading to further disruptions of both the epidermis and cortex (Fig. 1 E) . In an early stage of TRS (comparable to Fig. 1 D) , the ACC concentration in affected plants was significantly higher (P l 0n010, t-test) than in non-affected plants (0n72p0n10 s. 0n24p0n01 nl g − " f.wt ; mean of three plantsps.e.). This gave some support to the hypothesis that ethylene production rates are probably enhanced during TRS. Therefore, the effects of high exogenous ethylene on root development in cucumber were investigated. Root elongation was strongly reduced by exogenously applied ethylene (Fig. 2 ). An ethylene concentration of 0n1 µl l − " inhibited root elongation to 50 % of the original elongation rate. Concentrations of 0n7 µl l − " and higher caused maximal inhibition resulting in a growth rate equal to only 10-20 % of the original elongation rate. In addition to the retarded root elongation rate, exogenous ethylene also caused pronounced morphological anomalies (Fig. 3) . Plants treated with 2 µl l − " ethylene showed strong induction of root hair formation 2-10 mm behind the tip within 5 h of the start of the ethylene treatment. Root hairs were not present in non-treated hydroponically-grown roots. Ethylene treatment also strongly induced curvature of the root tips within 3 h. As a consequence, when ethylene-treatment lasted for several days, all new-grown root material was coiled (data not shown), similar to TRS-affected roots. Subapical swelling of roots was induced at 4 h and reached a maximum 6 h after ethylene treatment had started (Fig.  4) . The subapical root diameter increased by approx. 50 % during this time interval. When ethylene treatment lasted longer, swelling of cortical cells and severe damage of the epidermis and outer cortex were clearly visible (Fig. 5) . This damage started approx. 5 cm behind the root tip and was F. 4. Subapical (1-2 mm behind the tip) root diameter (mmps.e. ; n l 3) of cucumber at different time intervals during 2 µl l −" ethylene treatment.
visible as longitudinal fissures along the root surface, which extended deep into the cortex. Finally, experiments with the ethylene inhibitor AIB were F. 5. Cross sections (SEM) of control (A) and 2 µl l −" ethylene-treated (B and C) cucumber roots. B was cut at 1-2 cm behind the apex ; A and C were cut 5 cm behind the apex. Bars l 100 µm.
conducted to address the question of whether ethylene is causally related to TRS. Ethylene production by cucumber roots was inhibited by 5 m AIB to approx. 20 % of the production without AIB (0n63p0n06 vs. 0n12p0n06 nl g − " f.wt h − " ; mean of three plantsps.e.) after 1 d of growth on AIB in nutrient solution. In another study with cucumber it was found that inhibition after 11 d of exposure to AIB was comparable to that after 1 d (unpubl. res.). Higher AIB concentrations did not significantly inhibit ethylene production further, but caused toxicity symptoms such as leaf curling and yellowing, and inhibition of root growth (data not shown). Figure 6 B and C clearly shows the root curvature of plants that were grown on symptom-inducing nutrient solution as opposed to control plants (Fig. 6 A) . The first TRS symptoms originated after 4 d of treatment and proceeded with time (data not shown). The early TRS symptoms could be evoked in both AIB-treated (Fig. 6 C) and non-AIB-treated (Fig. 6 B) plants. This most probably indicates that ethylene action is not required to induce TRS.
DISCUSSION
TRS in cucumber consisted of pronounced anomalies in the roots of this species (Fig. 1) . Root epidermal cells were damaged in an early stage of TRS symptom development (Fig. 1 C) . Later, large parts of the cortex were also F. 6. Morphology of hydroponically grown cucumber roots from control nutrient solution (A) and symptom-inducing nutrient solution (B and C). Roots shown in C were treated with 5 m AIB. Note the obvious curvature of TRS-affected roots in B and C. destroyed ( Fig. 1 E) . These TRS symptoms could be well mimicked by application of ethylene to the root system of cucumber.
The direction of root growth in cucumber was strongly altered by exogenous ethylene. Root tips started to curve within 3 h of the start of ethylene treatment (Fig. 3) . Strong root curvature by ethylene has also been described by Bucher and Pilet (1982) , Woods et al. (1984) and Romera, Alcantara and De La Guardia (1999) for maize, tomato and cucumber, respectively, and can be interpreted as a common plant response to exogenous ethylene. Downward curvature of horizontally-growing, thus gravistimulated, pea and maize roots is also promoted by ethylene (Goeschl and Kays, 1975 ; Bucher and Pilet, 1982 ; Lee et al., 1990) . In addition to growth direction, the growth rate of cucumber roots was also altered upon treatment with ethylene (Fig. 2) . The elongation rate of cucumber roots was inhibited by 1 µl l − " ethylene to 10-20 % of the original elongation rate. Of various species examined by others, only Pisum sati um (pea) (Goeschl and Kays, 1975) and Rumex palustris (Visser et al., 1997) exhibited a similar severe inhibition of root elongation by 1 µl l − " ethylene. Elongation during 1 µl l − " ethylene treatment in eleven other species was between 90 and 40 % of the original root elongation rate (Smith and Robertson, 1971 ; Goeschl and Kays, 1975 ; Konings and Jackson, 1979 ; Bucher and Pilet, 1982 ; Visser et al., 1997) , indicating that cucumber root growth is rather sensitive to exogenous ethylene. In addition to the retarded root elongation, radial expansion of cucumber roots was stimulated by ethylene (Fig. 4) as was found by Romera et al. (1999) after addition of ACC, leading to swollen roots similar to TRS-affected roots. Both observations can be explained by the effects of ethylene on cell growth. Root cells usually expand in a mainly longitudinal direction. Ethylene, however, can inhibit cell elongation and stimulate expansion in a radial direction (Abeles et al., 1992 ; Sa! nchezBravo et al., 1992 ; Shibaoka, 1994) , resulting in inhibition of root elongation and stimulation of root swelling (Smalle and Van der Straeten, 1997) . This effect of ethylene on root growth has also been described by, among others, Moss et al. (1988) , Abeles et al. (1992) and Baskin and Bivens (1995) for species like Zea mays and Arabidopsis thaliana. Sa! nchez- Bravo et al. (1992) found that the epidermal layer of lupine hypocotyls expanded much less upon ethylene treatment than did the cortical layer and the vascular cylinder. At high ethylene concentrations the strongly expanding inner tissue may induce an increasing tension in the slowly expanding epidermal layer, eventually leading to disruption. This may explain the observed longitudinal fissures of the epidermis of ethylene-treated cucumber roots (Fig. 5) .
The damage in the outer cortex of these plants may be caused in a similar way or be the direct result of ethyleneinduced cortical cell lysis, as was found for maize (Drew et al., 1981) .
Given the correlative evidence presented here, it is tempting to conclude that ethylene is probably involved in TRS in cucumber. However, the first TRS symptoms could also be evoked in plants in which 80 % of ethylene production had been suppressed with AIB (Fig. 6) . This is preliminary evidence against the hypothesis that endogenous ethylene is causally related to TRS in cucumber. However, if the affected AIB-treated plants had a more than five-fold higher sensitivity to ethylene than plants without AIB, ethylene might still be involved. Doubt about ethylene as a causal factor in TRS is further supported by the absence of root hair formation during TRS. If ethylene was involved in TRS, formation of root hairs might also be expected during TRS, because high exogenous ethylene concentrations initiate root hair formation in cucumber (Fig. 3) . It must, however, be stated that ethylene is probably not the only factor determining root hair formation, so possible interactions with other root hair determining factors during TRS cannot be excluded. Ethylene-induced root hair formation has also been found in other species (Abeles et al., 1992 ; Tanimoto, Roberts and Dolan, 1995 ; Heidstra et al., 1997 ; Schneider et al., 1997) and may be linked to the local radial expansion of cells, as has been suggested by Masucci and Schiefelbein (1996) and Smalle and Van der Straeten (1997) . This is supported by the observations that root hair initiation in ethylene-treated cucumber plants was not visible before measurable root swelling took place and root elongation ceased (compare Figs 2 and 4 with Fig. 3) .
Ethylene production, which requires ACC biosynthesis, is known to be stimulated by a broad range of stress factors (Abeles et al., 1992 ; Morgan and Drew, 1997) . Therefore, the higher ACC concentrations in TRS-affected plants compared to non-affected plants is probably more the result of TRS rather than the cause.
In conclusion, ethylene has pronounced effects on root growth and development in cucumber that partly resemble early symptoms of TRS. The hypothesis that ethylene action forms an essential step in TRS is, however, doubted, as inhibiting ethylene biosynthesis did not prevent development of TRS symptoms.
